). In contrast, continuous replication plates with somewhat different proteins and mechanby the leading strand machinery is expected to generate ics, providing the potential for differences in the fidelity a nascent strand in which the 5Ј end at the origin is of replication of the two strands. We previously either sealed or at least far away from the majority of showed that in Saccharomyces cerevisiae, active repmismatches that are generated (Figure 1 ). In addition, lication origins establish a strand bias in the rate of more PCNA is needed to initially synthesize and then to base substitutions resulting from replication of unreprocess the 5Ј ends of the many Okazaki fragments on paired 8-oxo-guanine (GO) in DNA [1]. Lower mutagenthe lagging strand than is needed for continuous leading esis was associated with replicating lagging strand strand replication. This may be relevant because PCNA templates. Here, we test the hypothesis that this bias participates in an early step or steps in MMR that preis due to more efficient repair of lagging stand miscedes excision [13], and these steps likely involve the matches by measuring mutation rates in ogg1 strains search for and use of the strand discrimination signal. with a reporter allele in two orientations at loci on For these reasons, we hypothesized that the strand bias opposite sides of a replication origin on chromosome for GO-induced mutagenesis in mismatch repair-profi-III. We compare a MMR-proficient strain to strains cient yeast [1] might result from more efficient repair deleted for the MMR genes MSH2, MSH6, MLH1, or of GO-A mismatches generated during lagging strand EXOI. Loss of MMR reduces the strand bias by preferreplication due to a higher density of strand discriminaentially increasing mutagenesis for lagging strand reption signals.
Figure 1. Schematic Representation of Replication Forks Emerging from ARS306
The location of ARS306 and the two genetic loci used in this study are depicted, along with distances in base pairs from borders of ARS306 to the site of the ura3-29 mutation (not drawn to scale). The GO-A mismatches responsible for the G-C to T-A transversions in the ogg1 strains are shown in red; GO in the template strand is at either the near306 or agp1 locus. For convenience, they are shown here as being present in the same molecule, but, in reality, they are present in either location in separate yeast strains. The nacsent strand generated by the leading strand replication machinery is blue, and the nacsent strand generated by the lagging strand replication machinery is green. The lighter green segments of the lagging strand represent the sequences involved in the formation and processing of 5Ј flaps. The rings depict topologically bound PCNA molecules, which are suggested to be present at higher density during lagging strand replication. The lagging strand PCNA molecules closer to the origin are colored lighter gray to indicate that, after performing their roles in processing Okazaki fragments, they eventually dissociate or are unloaded by the RFC complex.
As shown previously [1] and again here (Table 2) , the dependent repair at near306. In contrast, only 20% of leading strand (i.e., OR2) GO-A mismatches were corrate of GO-induced G→T substitutions in the ogg1 strain that is MMR proficient depends on the orientation of rected by Msh6-dependent repair at this same location. Effects of a similar magnitude were consistently obthe ura3-29 gene and its location relative to ARS306. Opposite orientations of the ura3-29 reporter gene have served for all four MMR-defective alleles (Table 2 ; Figure  2 , black bars). These differential effects on mutagenesis differences in mutation rates of 4-to 6-fold at both near306 and agp1 (Table 2 and gray bars in Figure 2) . reduce the orientation-dependent biases in the MMRdefective strains (Figure 2 , black bars). For example, At both loci, the strand biases reflect lower error rates during lagging strand replication (as depicted in Figure the 6-fold lower mutation rate in orientation one versus orientation two at near306 in the mismatch repair-profi-1). As expected based on an earlier study [2] , ogg1-dependent mutagenesis was several-fold higher in all cient strain is reduced to only a 1.3-fold bias in the msh6 strain. A reduction in strand bias is also observed when four MMR-defective strains examined ( Table 2) . Importantly, loss of MMR had a more substantial effect for the ura3-29 is located on the other side of ARS306 (at agp1, Table 2 ; Figure 2 ). In both cases, loss of Msh6 GO-A mismatches generated during lagging strand replication. As an example, more than 80% of lagging strand function preferentially increases mutagenesis associated with lagging strand replication. This implies that, (i.e., OR1) GO-A mismatches were corrected by Msh6- As controls, mutation rates were measured for three other reporter genes (see the Experimental Procedures for references and Table S1 ). As controls, mutation rates were measured for three other reporter genes located elsewhere in the genome. In pairwise comparisons of the OR1 and OR2 strains shown above, the mutation rates at those loci were not significantly different (see Table S2 ). This is consistent with the fact that those reporter genes maintained a constant sequence orientation relative to flanking origins and supports the interpretation that the strand biases shown above are significant and due to the relative location of the active flanking replication origin.
under normal circumstances, GO-A mismatches generon the lagging strand. PCNA participates in processing the 5Ј ends of Okazaki fragments, i.e., sealing nicks and ated during lagging strand replication are more efficiently repaired than are GO-A mismatches generated completing lagging strand replication, through it ability to interact with and stimulate the flap endonuclease by the leading strand replication machinery. The hypothesis that the reduced strand bias is due to loss of the FEN1 [17] and DNA ligase I [18] . PCNA also participates in the early steps of MMR [13] when strand discriminageneral MMR pathway is supported by the fact that deletion of any of four different MMR genes had similar effects.
Because MMR efficiency can be affected by sequences flanking a mismatch [15, 16] , we determined if loss of the strand bias for mutagenesis is also seen for mismatches at locations other than ura3-29. To do this, we determined Ura ϩ to Ura Ϫ mutation rates in the ogg1 and mismatch repair-defective ogg1 msh6 strains and then sequenced the URA3 gene in 152 independent ura3 mutants to monitor strand biases for G-C to T-A transversions characteristic of GO-dependent mutagenesis. In the MMR-proficient (MSH6 ϩ ) strain (Table 3) , the overall average rate of C-G to A-T events that reflect lagging strand errors in orientation 1 at near306 (Figure 1 ) was 7.8-fold lower than the average rate of G-C to T-A events that reflect leading strand errors (Figure 1 ). In the msh6 strain, this strand bias was reduced to 1.9-fold (Table  3) . This result is similar to the ura3-29 reversion data (Table 2 ) and further supports the hypothesis that GO-A mismatches generated during lagging strand replication are more efficiently repaired than are GO-A mismatches generated during leading strand replication.
More efficient MMR of lagging strand replication errors is consistent with the use of 5Ј ends of Okazaki fragments as strand discrimination signals in vivo. Dur- may be more efficient due to a higher density of PCNA The analyses were performed as described in the Experimental Procedures.
and frameshift reversion rates in these strains are in agreement with tion is required; it physically interacts with MLH1, MSH6, the literature [2] (Table S1) occurred in all strains (see [1] ). These revertants were used for
In the present study, this idea implies that such rotation the mutation rate determinations in Table 2 Given the hypothesis of more efficient MMR of lagging strand replication errors, it will be interesting to establish
